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Search for hidden orbital currents and observation of an activated ring of magnetic scattering
in the heavy fermion superconductor URySi,
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We have performed neutron-scattering experiments on the heavy fermion superconduci8i, Wireearch
for the orbital currents predicted to exist in the ordered phase b&lgwl7.5 K which result in a ring in
momentum space. Elastic scans in thg K, 0) and H, 0, L) planes revealed no such order parameter at
low temperatures. This shows that any orbital current formation is quite small and less than our detection limit
for a ring of scattering of 0.06(1)g (albeit somewhat greater than the size of the predicted moment of
~0.03ug). On heating, however, we find that a ring of quasielastic scattering forms irHth&( 0) plane
centered at an incommensurate radias0.4 from the(1, 0, O antiferromagneti¢dAF) Bragg position. The
intensity at a point on the ringl.4, 0, 0, is thermally activated beloWw with a characteristic energy scale
of A=110 K~6Ty . This is the coherence temperature, and it is much higher than the spin-wave energy for
the selected momentum. We believe that the incommensurate spin fluctuations compete with the AF spin
fluctuations, drive the transition to a disordered magnetic state abgyend contribute to the formation of
the heavy fermion state.

DOI: 10.1103/PhysRevB.69.132418 PACS nunider75.25:+z, 74.70.Tx, 63.20.Dj

High-temperature superconductivity, superfluidity, thesurements at high magnetic fietfsThe character of this
guantum Hall effect, and heavy fermion metals are all ex{possible hidden order parameter is still unknown, but possi-
amples of the fascinating behavior that arises from complibilities such as quadrupolar ordering and charge-density
cated interactions within systems of fermidrfsThe interest wave formation are plausibfé.it has been shown, however,
in heavy fermion metals has been piqued by the discovery ahat none of the allowed quadrupolar or octupolar orderings
the coexistence of superconductivity and antiferromagnetisroan account for the weak moméntt® Recent NMR mea-
in several species such as YPtUPd,AI3,* UNiLAl;,° and  surements, which have shown that small isotropic magnetic
URW,Si,.®" A striking feature of these compounds is thatfields develop belowTy at the silicon site$”!® have led
they display conduction-electron specific heats at low temChandraet al. to propose that the hidden order arises from
peratures that are orders of magnitude greater than thoske formation of orbital currentS:?° The signature for such
found in typical metals. This behavior differs markedly from currents, which develop in the ordered phase belyy
that at high temperatures where the value for the Sommerfeldould be a ring of magnetic incommensurate scattering in
constant returns to normal free-electron values. The resistiveciprocal space with a characteris@c # form factor.
ity, specific heat, and magnetic susceptibility show that these We have carried out a detailed search for this hidden order
intermetallics behave at high temperatures as a set of weaklyarameter in URySi, using neutron scattering in the
interacting conduction electrons and local moments. Th¢H, K, 0) and H, 0, L) planes. We will show that any
crossover from this state to a low-temperature state, in whicBuch scattering is small and lies below our detection limit.
the effective mass of the quasiparticles increases dramative will also show that a ring of quasielastic scattering exists
cally, is a gradual change that is characterized by a coherentkat decreases in spectral weight bel®yy.
temperatured . Our experiments were performed at the DUALSPEC

For UPt and URySi,, the ordered moments in the' 8le  triple-axis spectrometer at Chalk River Laboratories with a
states are extremely small (0.Q2¢8 and 0.03.5,%" respec-  focusing pyrolytic graphitePG monochromator and PG
tively). For URWSIi, the superconductivity belowT:  analyzer set to a fixed energy of 3.52 THz. A PG filter
~1.2 K emerges from an unknown state with a transition atvas used to remove higher-order contamination. Elastic
Tny=17.5 K. It is accompanied by a largeanomaly in the scans were performed, as well as quasielastic scans at an
specific heat® which, in light of the extremely small ordered energy transfer of 0.25 THz. The collimation was
moment, suggests that another order parameter is at’play0.40°-0.48°-0.56°-1.20°. The two crystals were described
There has been considerable recent interest in,SRuwith  earlier®’ one oriented in theH, K, 0) plane and the other
new developments providing hints that the ordered magnetim the (H, 0, L) plane.
state is inhomogeneod$,and somewhat parasitic to a so-  Figure 1 shows thél, 0, 0 magnetic Bragg signal arising
called “hidden” ordered state. A complex phase diagram forfrom the 0.03.g ordered moment. The relative intensity of
this state has been elucidated based upon specific-heat mehis peak as compared to background gives a measure of our
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FIG. 1. The antiferromagnetic Bragg peak(at 0, 0 and T
=8 K (fit is to a Gaussian The inset shows the corresponding
magnetic structure for the4J moments.

H (rLu.)

FIG. 2. (Color online Contour plot of scattering in the
sensitivity to small moments. From the ability to detect sig-(H. K, 0) plane aff =22 K andT=16 K with AE=0.25 THz en-
nal above background, we calculate that the minimum de€rgy transfer. Note that the scattering lies within a ring of momenta
tectable Slgnal for |0ng_ranged |Oca|_m0ment formauon iscentered Ol’(l, 0, Q, and the antifel’romagnetic ﬂuCtuatiOnS belOW
0.013(1)ug for three-dimensional3D) order. For a moment T_N at (1, O, 0 associated with the order parameter. The dashed
distribution which leads to a 2D ring structure with the 0.2 €Ircles are guides to the eye.

e San. mentof Chancra of-0.03us 2T raid 16 form fac-
sitivity b gdistribu.tin thBe. detectable 3D moment s uaredtor decrease can also render detection difficult.
y by 9 q Since no new features were discovered in the elastic chan-

2 H 2 .
(?éodlizLeEg r;%?l?;_ejomze:r; L?lrgej?éﬁ?gg%f)b’ 3\‘/’&2; trr:re]gsgl;_ nel, we decided to look at the quasielastic spectra\ &t
P P y =0.25 THz (just outside our energy resolutionThis re-

sitivity is reduced is then moves the large incoherent elastic peak and so increases the
sensitivity to the formation of slow correlations modulated in
27 7A ol Q. Our strategy was to further investigate an incommensu-
ORI (1) rate ring of scattering which was discovered in the previous
7(Alcon/2) investigation of the inelastic spectrum nedr4, 0, Q. A
broad feature centered at about 0.6 THz was reported above
where Aqco i the instrumental resolutiofin A™%). Thus 1 " indicative of heavily damped antiferromagnetieF)
the moment sensitivity is reduced to 0.0&3/24  spin fluctuationg:” This feature sharpened to a resolution
=0.06ug . We note that Bulet al. quote only their detection  |imited peak with energy 1.1 THz, well beloWy with a
limit 0.007up for a 3D peak, which is not appropriate for a center at higher energies-(L.1 THz). The increase in the
ring of 2D scattering” incommensurate scattering as one passes abgyRef. 22
The hidden order search was made with elastic rastegriginates from the downward shift and increased damping
scans with ranges 0sSH<1.0 and GsK<1.05 over the of the spin fluctuationsthe location of a minimum in the
(H, K, 0) plane and0.175<H=<1.075 and 6L=<1.05  gspin-wave dispersignThe structure of this scattering in re-
over the , 0, L) plane(with a step size of 0.025 r.Lu.  ciprocal space at this energy transfer was not reported in the
Note that for body-centered tetragonal symmetry, the posioriginal paper, nor was its explicit temperature dependénce.
tion for the predicted ring of scattering at€os, 7sin6, 1)  Unpublished work suggested that the structure could be a
(Refs. 19 and 20is equivalent to the wave vectors (1 ring in reciprocal spac# a structure reminiscent of the ring
+7cosf, Tsing, 0) at which we made the search, albeit atthat Chandrat al. predicted for orbital current formation in
different magnitudes of). In the difference scand(8 K) the hidden order phase.
—1(22 K), we found no additional signal from magnetic  Figure 2 shows contours of the scattering in the
Bragg or ring scattering belowy . This indicates that no (H, K, 0) plane at 22 K and 16 K, above and beldy,
new magnetic Bragg peaks are observable in thel, 0)  respectively. We have folded the data about the KreO
and H, 0, L) planes. Bull reached the same conclusion forbecause of the symmetry of reciprocal space. The ringlike
the (H, H, L) plane®* However, this does not completely modulation comes from antiferromagnetic spin fluctuations
rule out orbital current formation, for our detection limit for [since we find it centered on other AF points such(2sl,
a ring of scattering, 0.06(1)z, exceeds the predicted mo- 0), but not on the ferromagnetic poifit, 1, 0, as included
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(@) in Fig. 4. There is some intensity modulation around the ring
at 22 K, even when the 16 K data are subtracted, and it
favors fluctuations in thél, 0, O and (0, 1, O directions.
The suppression along intermediate directions is likely be-
cause it takes more energy to create a spin fluctuation along
the (1, 1, O direction, relative td1, 0, O for the same radial
momentum aboutl, 0, 0.” The 22 K intensity at0.6, 0, Q
exceeds that atl.4, 0, Q by more than the form-factor dif-
ol ; ; ; ; ference and is not understood. Even where there is the least
05 10 15 200 25 scattering on the ring, the intensity there declines on entering
o) Q (Angstroms”) the ordered phase whereas the orbital current signal should
9 increase. Despite the unexplained modulation of the ring the
K intensity everywhere is consistent with activated behavior as
shown in Fig. 4. Placed in context of the work of Broholm
019 0 m et al.®” who measured inelastic spectra above and below the
(1.1,.0) transition, what we are observing abovVg is the tail of a
highly damped, almost quasielastic spin fluctuation. Below
Ty the scattering moves above our 0.25 THz energy window

as a spin wave develops, narrows, and moves to a higher
= 5 energy of~1.1 THz, resulting in a suppressed intensity at
(20.0) H 0.25 THz.
The fit in Fig. 4 is to a background plus a single activated

intensity of the form
FIG. 3. (Color online (a) The background subtracted intensities

(1.41,0)

Intensity (counts/3x10° monitor)

(as determined by Gaussian fit® the features seen at rings of (T)y=Aexp —A/T), T<Ty, 2
scattering in thelf, K, 0) plane aff=22 K. The line is the &*
magnetic form factofRef. 24. (b) A map of the rings in reciprocal I(T)=const, T>Ty 3

space with crosses where the form factor was measured. The

squares and circles refer to ferromagnetic and antiferromagnetiehereA is a constantTy is the Neel temperaturg17.5 K),

points, respectively. andA=110(10) K is the fitted activation energy. An impor-
tant result is that the activation temperature is not that of the

on the mesh scgnTo confirm the modulation is magnetic in sampling energy, 0.25 THz12 K, nor that of the 0.6 THz

origin, we measured the form factor out to higher values of~30 K spin excitation aboveTy, nor that of 1.1 THz

Q. Figure 3 shows the peak intensities(@6, 0, 0, (1.4, 0, ~53 K excitation belowT. Instead it is the much larger

0) (2, 0.6, 0, and(2, 1.4, Q derived from raster scans. The activation energy found by Palstet all® for the specific-

U*" magnetic form factor in the same figure is in good heat anomaly below,, who extracted it from a fit over the
agreement with our data, showing that the modulation arisegange 2 K-17.5 K to

from 5f-shell electrons and not from larger diameter orbital
currents. The latter would have exhibited the ra@id* de- C(T)=yT+BT3+ sexp —A/T), 4

crease Chandrat al. predicted for orbital currents. . )
The intensity on the ring of scattering sampled &#, O, and foundA ~ 115 K. This suggested that a substantial gap

0) is thermally activated up to the transition®j as shown OPeNSs in the density of states beldy that effectively re-
moves ~75% of the low-lying states from the Fermi

surface'® The gap energy is similar to the maximum in the
spin-wave density of staté3,and to the charge gap seen in
the optical reflectance measureméefit3aken with our re-
sults, this serves to confirm that removal of both low-energy
spin states and charge states is required to form the unknown
ordered state beloWy. The existence of two competing
energy scalesX andTy) has also been observed in dc re-
sistivity experimentsg’

The quasielastic scattering observed in our experiment is
reminiscent of the intimate connection between spin fluctua-
tions and the heavy fermion state. Gautinal. studied this
10 15 20 25 relationship in UNjAI, which has &l of 4.6 K andT,, of

Temperature (K) 1.2 K282 The magnetic structure is incommensurate, with
an ordering wave vector d@=(0.5+r, 0, 0.5) (r=0.11)

FIG. 4. The temperature dependence of the scatterifig4t0, and an ordered moment of 0,85 per U atom. The quasi-

0) andAE=0.25 THz energy transfer. The fit is with an activation elastic spin fluctuations are of two kinds: those associated
temperature of 11Q0) K. with the incommensurate wave vector and with the commen-
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surateQ=(0, 0, 0.5) wave vector. The two modes competether experiments are needed to develop a clearer picture of
with one another, with a shift in spectral weight from the the origin of these excitations with respect to proposed sce-
commensurate to incommensurate fluctuations belgyw  narios of a phase separation occurring’ gt It may be that
Above the transition, the incommensurate fluctuations disapthis feature is linked to a possible electronic phase separa-
pear, but the commensurate ones persist to nearly 80 Kion, as suggested by muon-spin-reson&hcand NMR
Since this is the coherence temperature, the excitations areeasurements, since the spectral weight is too large to be
therefore associated with the formation of the heavy fermiorexplained by the 0.Q3; ordered moment.
state. In conclusion, our neutron-scattering measurements in
For URWS,, the situation is reversed: the commensuratesearch of hidden order in theH( K, 0) and @, 0, L)
fluctuations are associated with the ordering wave veldor planes have placed an upper limit of 0.013¢%)for the
0, 0, and the incommensurate excitations persist to highyesence of any long-ranged 3D ordered spin structure well
temperature$? and so can be identified with the formation of defined inQ. For a ring of scattering, the detectable moment
the heavy fermion statg. This shift in spectral weight can beg 0.06(1)g, which precludes orbital current formation
noted by the increase in scattering(at 0, O below Ty (s€e oy to a level that is somewhat larger than that predicted

Fig. 2) and the corresponding decrease in intensitida, 0,  py Chandreet al.'® Quasielastic scattering experiments have
0). Mason et al. have suggested that magnetic frustrationrgyealed a connection between a ring of incommensurate

plays a role in the unusual magnetic properties of b5 gcattering at a radius af=0.4 from the zone center and the
with the long-range oscillatory nature of the Ruderman-hgqyy fermion state. The exponential activation energy of
Kittel-Kasuya-Yosida (RKKY) interaction providing the ihis ring belowT,,, comparable with the specific-heat acti-

mechanisnt® The incommensurate ring of scattering we 0ob-y,ation energy, suggests that a gap of 110 K is a feature of the
serve may be a signature of such a RKKY interaction. HowW+,iqden order phase.

ever, the nature of the fluctuations cannot be ascertained with
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